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ABSTRACT
We investigate the equilibrium charge distribution of dust grains in the interstellar
medium (ISM). Our treatment accounts for collisional charging by electrons and ions,
photoelectric charging due to a background interstellar radiation field, the collection
of suprathermal cosmic ray electrons and photoelectric emission due to a cosmic ray
induced ultraviolet radiation field within dense molecular clouds. We find that the
charge equilibrium assumption is valid throughout the multi-phase ISM conditions in-
vestigated here, and should remain valid for simulations with resolutions down to AU
scales. The charge distribution of dust grains is size, composition, and ISM environ-
ment dependent: local radiation field strength, G, temperature, T , and electron number
density, ne. The charge distribution is tightly correlated with the“charging parameter”,
G
√
T/ne. In the molecular medium, both carbonaceous and silicate grains have pre-
dominantly negative or neutral charges with narrow distributions. In the cold neutral
medium, carbonaceous and silicate grains vary from negative and narrow distributions,
to predominantly positive and wide distributions depending on the magnitude of the
charging parameter. In the warm neutral medium, grains of all sizes are positively
charged with wide distributions. We derive revised parametric expressions that can
be used to recover the charge distribution function of carbonaceous and silicate grains
from 3.5 A˚ to 0.25 µm as a function of the size, composition and ambient ISM pa-
rameters. Finally, we find that the parametric equations can be used in environments
other than Solar neighborhood conditions, recovering the charge distribution function
of dust grains in photon dominated regions.
Key words: keyword1 – keyword2 – keyword3
1 INTRODUCTION
Dust grains play an important role in the thermal, and chem-
ical evolution of the interstellar medium (ISM). Grains in-
teract with the gas through collisions, as well as long-range
Coulomb forces, and experience gravitational attraction and
varying coupling strengths to magnetic field lines depending
on their charge (Draine & Salpeter 1979a; Lazarian & Yan
2001; Yan et al. 2004). The charge distribution of dust grains
in the ISM depends on the flux of charged particles onto and
from the grain surface, due to collisions with ions and elec-
trons, and photoionization, which strongly dependent on the
local properties of the ISM, such as: temperature, density
(Draine & Salpeter 1979a,b; Draine & Sutin 1987), local ra-
diation field (Weingartner & Draine 2000; Weingartner et al.
2001, 2006) and, within dense molecular clouds and pro-
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tostellar disks, the cosmic ray (CR) ionization rate (Ivlev
et al. 2015; Padovani et al. 2018). Photoelectrons ejected
from dust grains constitute the primary heating mechanism
in the warm and cold phases of the ISM (Bakes & Tielens
1994; Wolfire et al. 1995; Weingartner et al. 2001), where the
photoelectron heating efficiency is strongly dependent on the
charge of the grain. Dust grains provide a“surface”for simple
and complex molecules to form (e.g. Vasyunin et al. 2017),
and the depletion of elements from the gas phase onto a
population of dust grains is strongly influenced by the grain
charge, enhancing or decreasing the collisional cross sections
(Weingartner et al. 1999; Ferrara et al. 2016; Zhukovska et al.
2018). Dust charge also influences the growth and destruc-
tion of dust grains, affecting dust-dust collisions, as well as
modifying the sputtering yields (Barlow & J. 1978; Draine
& Salpeter 1979b; Tielens et al. 1994).
Sticking collisions with ions and electrons charge the
grain positively or negatively, respectively. The collisional
rate of change of the dust charge depends on the relative ve-
© 2018 The Authors
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locity distribution of the collisional partners and their local
abundances. Given that the electrons are lighter than ions,
collisions with them are more frequent and negatively charge
the grain (Draine & Sutin 1987; Draine 2011). On the other
hand, energetic photons which impact the grain can eject an
electron, and positively charge the grain (Weingartner et al.
2001, hereafter WD01), also known as photoemission. The
photoemission rate of electrons exponentially decays with
visual extinction (Bakes & Tielens 1994) and may be com-
pletely absent within dense molecular clouds. In these dense
environments, cosmic rays produce suprathermal electrons
and ions that can collisionally ionize the grains, as well as
induce an ultraviolet radiation field leading to photoelectric
charging, strongly influencing the charging of dust grains
within molecular clouds (Ivlev et al. 2015).
Charged dust grains may have a strong impact in the
properties and propagation of shocks in the interstellar
medium, affecting the gas-grain coupling, and influencing
the dynamics and chemistry of shock propagation (Pilipp &
Hartquist 1994; Caselli et al. 1997; Ciolek et al. 2004; Chap-
man & Wardle 2005; Guillet et al. 2007, 2009, 2011). The
momentum transfer between dust grains and gas is tightly
coupled to the charge state of the grains in the pre-shock and
shocked regions (Flower & Pineau des Forets 2003). In par-
ticular, charge fluctuations during the passage of the shock
can strongly influence the coupling and processing of dust
grains in shocks (Guillet et al. 2007).
In this paper, we analyze the distribution of grain
charges in the warm neutral (WNM), cold neutral (CNM)
and cold molecular (CMM) phases of the ISM. The structure
of this paper is as follows. In Section 2, we describe the pro-
cess of dust charging for a grain population in the ISM, and
describe the properties of the colliding flow simulations used
to generate the turbulent multi-phase ISM. In Section 3, we
compute the charge distribution function for carbonaceous
and silicate grains and explore their dependence with grain
size, composition and ISM properties. Section 4 proposes
revised parametric equations to estimate the charge distri-
bution of dust grains as a function of the environment, and
tests these equations for grain sizes and ISM environments
outside the ones used to calibrate them. Final remarks and
conclusions are in Section 5.
2 CHARGING OF DUST GRAINS
Charging of dust grains is a discrete process that can be di-
vided into two main channels: collisional charging, account-
ing for both negative and positive charging, when electrons
and ions collide and stick to the surface of the grain (Draine
& Sutin 1987, hereafter DS87), and radiative charging, pos-
itively charging the dust as photoelectrons are kicked out of
the grain from the absorption of an energetic photon (Wein-
gartner et al. 2001). Cosmic ray-induced (CR) charging pro-
cesses are encompassed within these two main channels. CRs
ionize the gas producing protons and electrons that can col-
lisionally charge the grains, as well as induce an ultraviolet
radiation field, due to the fluorescence of H2, which can ra-
diatively charge the grains (Ivlev et al. 2015).
2.1 Collisional charging
We adopt the collisional charging rate, Ji , introduced by
DS87, assuming the colliding partners have a Maxwellian
distribution, given by:
Ji(Z) = nisi
(
8kT
pimi
)1/2
pia2 J˜ (τ, ν) , (1)
where the subscript i represents the collisional partner (elec-
tron or ion, e.g. H+, C+), Z is the charge in units of proton
charge, τ = akT/q2i is the “reduced temperature”, where a
corresponds to the grain size, and qi to the charge of the
collisional partner, ν = Ze/qi is the ratio of the charge on
the grain to the charge on the colliding particle, where e is
the proton charge, ni , qi , and mi are the density, charge, and
mass of the colliding partners, and J˜(τ, ν) is the reduced rate
coefficient –accounting for the attractive/repulsive Coulomb
interaction between the charged grain and the colliding
partners– given by equations (3.2), (3.3), (3.4), and (3.5) in
DS87. For the sticking coefficient, si , we adopt sion = 1.0 for
ions and se given by a combination of parameters account-
ing for the probability of inelastic scattering and radiative
stabilization of colliding electrons, given by equations (27)
through (30) in WD01. Collisional charging is weakly depen-
dent on the grain composition affecting the sticking coeffi-
cients. We describe the implementation and benchmarking
of the collisional charging rates in Appendix A.
2.2 Radiative charging
When an energetic photon impacts the surface of a dust
grain, it may release a photoelectron from the dust grain
(Bakes & Tielens 1994; Weingartner et al. 2001; Ivlev et al.
2015). The photoemission rate of electrons is given by
Jpe(Z) = pia2
∫ νmax
νpet
dνY (hν,Z, a)Qabs(ν)
cuν
hν
+∫ νmax
νpdt
dνσpdt(ν)
cuν
hν
,
(2)
where νpet(Z, a) is the photoelectric threshold (pet), or mini-
mum photon frequency required to ionize the grain, and νmax
is the maximum photon frequency of the incident radiation
field, Y (hν, Z, a) is the photoelectric yield, the probability
that an electron will be ejected when a photon with energy
hν is absorbed, Qabs(ν) is the absorption efficiency 1, uν is
the radiation energy density, and c the speed of light. The
second term of equation 2 is only necessary for negatively
charged grains, Z < 0, where νpdt is the photodetachment
threshold (pdt) frequency of excess attached electrons 2 and
σpdt is the photodetachment cross section.
For the photoelectric yield, we use the model provided
by WD01, based on Bakes & Tielens (1994) and the re-
fractive indices for carbonaceous (and silicate) grains from
Draine & Lee (1984).
1 Absorption efficiencies are taken from calculations
by Laor & Draine (1993), and can be found at
http://www.astro.princeton.edu/∼draine/dust/dust.diel.html
2 When the valence band of a dust grain is full, energy levels
above it are occupied by excess attached electrons.
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The radiation energy density, uν , contains the informa-
tion of the spectrum of the incident radiation field on the
dust grain. In this work, we account for two sources of ra-
diation, the interstellar radiation field (Mezger et al. 1982;
Mathis et al. 1983), and CR induced H2 fluorescence (Prasad
& Tarafdar 1983; Ivlev et al. 2015), uν = uν,0 + uν,CR, such
that the total photoelectric emission rate is given by the
combination of the radiative emission by the interstellar ra-
diation field and by the CR-induced radiation field:
Jpe,tot = Jpe,0 + Jpe,CR. (3)
The fluorescence of H2 was proposed by Prasad & Taraf-
dar (1983) for the generation of ionizing radiation within
dense molecular clouds. Collisions of CRs and secondary
electrons with molecular hydrogen produce excitations fol-
lowed by spontaneous emission of ultraviolet photons, re-
sulting in a wealth of narrow lines in the energy range be-
tween 11.2 and 13.6 eV. Following the calculation by Cecchi-
Pestellini & Aiello (1992) and its implementation by Ivlev
et al. (2015), we compute the CR induced UV flux (photon
cm−2 s−1) as:
FUV ' 960
(
1
1 − ω
) (
ζ
10−17s−1
) (
NH2/Av
1021cm−2mag−1
) (
RV
3.2
)1.5
, (4)
where ω is the dust albedo, ζ is the cosmic ray ioniza-
tion rate, NH2/Av is the gas-to-extinction ratio, and RV is
a measure of the slope of the extinction curve at visible
wavelengths. We assume the following values in this paper:
ω = 0.5 and RV = 3.1 (Cecchi-Pestellini & Aiello 1992),
NH2/Av = 1.87 × 1021 cm−2 mag−1, and CR ionization rate
of H2, ζ , given by Equation C1 in appendix C. For the re-
mainder of this paper, we characterize the strength of the
CR-induced ultraviolet radiation field in units of the Habing
field, GCR = FUV ∗ 12.4 eV/uUVHabclight, assuming an aver-
age energy of 12.4 eV per CR-induced photon, and where
uUVHab = 5.33 × 10−14 ergs cm−3 is the energy density in the
starlight radiation field between 6 and 13.6 eV estimated by
Habing (1968), and clight is the speed of light.
The contribution of the CR-induced photoelectric emis-
sion can be approximately calculated by (Ivlev et al. 2015):
Jpe,CR(Z) ' pia2FUV〈Y (ν, Z)Qabs(ν)〉UV, (5)
where 〈Y (ν, Z)Qabs(ν)〉UV is averaged over the Lyman and
Werner bands. In contrast to the calculations by Ivlev
et al. (2015), we include the dependence of the grain charge
through the dependence of the photoemission yield on Z.
Appendix B, contains a more detailed explanation of
the interstellar radiation field spectra, calculation of photo-
electric yields, and benchmarks of charge distribution calcu-
lations.
2.3 Cosmic Ray charging
We include the charging of dust by CRs following the im-
plementation by Ivlev et al. (2015). CRs have a dual role
in the charging of dust grains. On the one hand they influ-
ence the ionization state of the gas, generating a collection of
suprathermal electrons and protons capable of collisionally
charging the grains. On the other hand, the suprathermal
electrons are capable of exciting H2 without dissociating it,
which then produces a wealth of emission in the UV, capable
of photoionizing dust grains, introduced in equation 5.
As shown by Ivlev et al. (2015), for energies up to
106 eV, the flux of CR-induced electrons is orders of mag-
nitude higher than the flux of CR-induced protons. In addi-
tion, protons have a smaller contribution to the collisional
charging of dust grains due to the large particle mass differ-
ence between ions and electrons. For these two reasons, we
ignore the contribution of suprathermal protons on the dust
charge distribution calculation. Following Draine & Salpeter
(1979a), the suprathermal electron collisional charging rate
is given by:
Je,CR = pia2
∫ ∞
Eint
dE4pi je(E)[se(E) − δe(E)], (6)
where je(E) is the CR generated electron spectrum, se(E) is
the sticking coefficient, δe(E) is the yield of the secondary
electrons and Eint = 1.5 × 10−2 eV is the intersection energy
where the flux of CR-induced electrons drops below the flux
of thermal electrons in the plasma.
For details of the implementation and benchmarking of
the charging effects due to CRs see Appendix C.
2.4 Charge distribution function
The competition of the positive and negative charging rates
results in charge fluctuations, but given sufficient time to
relax, dust grains will converge to a statistical distribution
of charges around a mean. Let f (Z) be the probability of
finding a grain with net charge Ze. Assuming only single
charge changes at a time, the distribution function can be
derived using the master charging equation (DS87),
f (Z)[Jpe,tot(Z) + Jion(Z)] =
f (Z + 1)[Je(Z + 1) + Je,CR],
(7)
where Jpe,tot is the total radiative charging rate, accounting
for the interstellar radiation field, and CR-induced radiative
charging, Jion and Je are the collisional charging by a
Maxwellian distribution of ions and electrons in the plasma,
and Je,CR is the collisional charging rate of CR electrons.
The charge distribution, f (Z), needs to be computed
between a minimum and maximum charge. The limits on
the grain charge depend on the grain size, composition and
maximum photon energy of the incident radiation field. If
a grain is too negatively charged, internal Coulomb forces
would eject a surface electron, thus the minimum allowed
charge is given by:
Zmin ≈
(
Uait
14.4 V
a
A˚
)
, (8)
where Uait is the autoionization threshold potential3. The
maximum possible charge is given by:
Zmax ≈
[(
hνmax −W
14.4 eV
a
A˚
+
1
2
)]
, (9)
3 We take −Uait/V = 3.9+0.12(a/A˚)+2(A˚/a) for carbonaceous and
−Uait/V = 2.5 + 0.07(a/A˚) + 8(A˚/a) for silicate grains (WD01).
MNRAS 000, 1–?? (2018)
4 J. C. Iba´n˜ez-Mej´ıa
where hνmax is the maximum energy of the photons compos-
ing the incident radiation field and W is the work function4.
To obtain the charge distribution, f (Z), we successively
apply equation 7 between the minimum and maximum al-
lowed charges; thus
f (Z > 0) = f (0)
Z∏
Z
′
=1
[
Jpe,tot(Z ′ − 1) + Jion(Z ′ − 1)
Je(Z ′) + Je,CR(Z ′)
]
(10)
f (Z < 0) = f (0)
−1∏
Z
′
=Z
[
Je(Z ′ + 1) + Je,CR(Z ′ + 1)
Jpe,tot(Z ′) + Jion(Z ′)
]
(11)
where the multiplicative constant f (0) is determined by the
normalization condition
Zmax∑
Z=Zmin
f (Z) = 1. (12)
We have put together all the charging processes and cal-
culation of the charge distribution function previously dis-
cussed as a Python code DustCharge5.
2.5 Charging timescale
In this work, we assume that the charge distribution for all
grains has sufficient time to relax to the equilibrium charge
distribution. This assumption may not always be valid, and
could play a crucial role in the dynamical evolution of dust
grains. Ciolek et al. (2002, 2004) have studied the dynamics
of dust grains in C-type shocks and have seen that dust
charges vary much slower than the time it takes for the
grains to cross the shock. Therefore, dust grains of equal
size and composition follow different trajectories due to vari-
ations in their net charge. If this is also the case for the dy-
namics of dust grains in the ISM, it would be necessary to
explicitly compute the time evolution of the dust charge in
order to accurately model the dynamics of dust grains in the
Galaxy.
In order to test the validity of the charge equilibrium
assumption for ISM simulations of molecular cloud forma-
tion, evolution and collapse, we calculate their charging
timescale and compare it to the simulation timestep, con-
strained by the Courant-Friedrichs-Levy (CFL) condition
(Courant et al. 1928).
The time-averaged charge centroid, 〈Z〉 is given by
〈Z〉 =
∞∑
−∞
Z f (Z), (13)
and the timescale for charge fluctuations around this mean,
τfZ , (Draine & Lazarian 1998) is given by
6,
τfZ =
〈(Z − 〈Z〉)2〉∑
z f (Z)Jtot (Z)
(14)
4 We take W = 4.4 eV for carbonaceous (Smith 1961; Bakes &
Tielens 1994) and W = 8 eV for silicate grains (WD01).
5 The code is available for download at
https://github.com/jcibanezm/DustCharge
6 This equation is valid for Gaussian charge distributions, which
is a valid approximation for large grains in the cold and warm
neutral medium phases. However, small grains have only discrete
charge distributions.
where Jtot (Z) = Je(Z) + Je,CR + Jion(Z) + Jpe,tot(Z) is the total
charging rate.
2.6 Colliding flow simulations
In order to investigate the charge distribution of dust grains
and its dependence on the local ISM properties, we post-
process a three-dimensional (3D) hydrodynamic simulation
by Joshi et al. (2018, hereafter J18). The simulation setup
is known as the “colliding flows” setup (Va´zquez-Semadeni
et al. 2006; Heitsch et al. 2006; Va´zquez-Semadeni et al.
2007; Heitsch & Hartmann 2008; Banerjee et al. 2009;
Heitsch et al. 2011; Micic et al. 2013), where two streams
of warm neutral medium (WNM) converge, forming cold,
dense, turbulent structures at the collision interface. The
simulations were performed using the 3D magnetohydrody-
namics code flash4 (Fryxell et al. 2000), including gas self
gravity (Wu¨nsch et al. 2018), radiative heating and cooling
coupled to a chemical network to follow the non-equilibrium
formation of H2 and CO (Seifried et al. 2018; Walch et al.
2015; Glover & Clark 2011; Glover et al. 2009), diffuse heat-
ing and its attenuation by dust shielding (Wu¨nsch et al.
2018; Walch et al. 2015; Clark et al. 2011). The interstel-
lar radiation field is included by means of a uniform back-
ground radiation field with an intensity of G0 = 1.7, (ap-
propriate for Solar neighbourhood conditions; Walch et al.
2015; Girichidis et al. 2016; Seifried et al. 2018). For every
cell in the simulation we know the local visual extinction Av ,
which we use to compute the local effective strength of the
radiation field, Geff = G0exp(−2.5Av).
The colliding flows simulations presented here corre-
spond to J18 “CF-R8” run, which has a domain of 128 pc ×
32 pc×32 pc with a base-grid resolution of ∆x = 0.25 pc, and
a maximum adaptive-mesh-refinement (AMR) resolution of
∆xmax = 0.032 pc. The AMR criterion uses a threshold on
the second spatial derivative of the density up to a resolu-
tion of ∆x = 0.125 pc, and an additional Jeans refinement
for smaller ∆x (Truelove et al. 1998).
Initially the domain is filled with warm neutral medium
(WNM) with a uniform density of atomic hydrogen atoms of
nH,0 = 0.75 cm−3, and temperature equal to the equilibrium
temperature, T = 4082 K. The chemical composition of the
ISM is set to Solar metallicity, with abundances of: xHe = 0.1,
xC = 1.4×10−4, xO = 3.2×10−4 and xM = 1.0×10−7 for Helium,
Carbon, Oxygen and all heavier Metals respectively, relative
to total hydrogen atoms. The chemical network is initialized
with the equilibrium abundances for the WNM, e.g. at this
density and temperature hydrogen is fully atomic and there
is no CO. The WNM streams meet at a perturbed interface
in the middle of the box with equal and opposite velocity of
vx = 13.6 km s−1, such that the collision occurs immediately
at the start of the simulation. Shortly after the simulation
starts, the shocked gas starts to cool and form H2. After
14 Myr of evolution, CO begins to form within the dense
filaments and cores, of which some are gravitationally bound
and undergo gravitational collapse.
Figure 1 shows the morphology of the total gas column
density projected parallel and perpendicular to the collision
plane, at x = 0, of the simulation by J18. The snapshot used
for the analysis in this work is taken at time t = 18 Myr,
where 36% of the mass in the simulation is in molecular hy-
drogen and 2% in carbon monoxide. This snapshot is close to
MNRAS 000, 1–?? (2018)
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Figure 1. Column density projection of total gas in the colliding
flow simulation by J18 at an evolutionary time of t = 18 Myr.
Top: projection perpendicular to the collision front, showing the
full extent of the simulation in the y− and z−directions. Bottom:
projection parallel to the collision front showing only ±16 pc of
the simulated box along the x axis.
the end of the simulations and it was selected because of the
high dynamic range in temperature, density and extinction,
key quantities for the calculation of the charge distribution
of dust grains.
Figure 2 shows the distribution of gas number density,
temperature, extinction and electron number density in a
32 pc3 box around x = 0 (shown in Figure 1) at t = 18 Myr.
In these Figure we show an updated version of the elec-
tron number density compared to the one provided by the
chemical network in the simulation as discussed in the next
subsection.
2.6.1 Ionization state of the gas
In spite of the complexity of the chemical network imple-
mented in the simulations, it overestimates the recombina-
tion rates of electrons in the cold-molecular phase of the
ISM. In the network, the electron recombination rate is a
grain-assisted ion recombination, proportional to Geff
√
T/ne,
suggested by Weingartner & Draine (2001b). Due to the fast
recombination rates in the network, the ionization state of
the gas in the simulation quickly drops at nH > 103 cm−3,
corresponding to visual extinctions of 1−3 mag, once the in-
terstellar radiation field is attenuated and ionized carbon re-
combines. However, the ionization state within dense molec-
ular regions is determined by a balance between CR ioniza-
tion and various recombination processes.
In order to correct for the low abundance of free elec-
trons within dense regions, we update the ionization state of
the gas in a post-processing step. We employ the empirical
relation derived by Caselli et al. (2002) for the ionization
fraction χe = ne/nH2 in molecular regions
χe = 6.7 × 10−6
(
nH2
cm−3
)−0.56 √ ζ(N(H2))
10−17s−1
, (15)
where ζ(N(H2)) is the cosmic ray ionization rate, which de-
pends on the molecular hydrogen column density. We get
both nH2 and N(H2) from the simulations for every cell in the
domain such that these computation is quickly performed.
For a discussion on the updates to the ionization fraction and
the electron abundance within dense regions, see appendix
D.
3 RESULTS
3.1 Charge distribution function
As introduced in section 2.4, the discrete charge distribution,
f (Z), for dust grains depends on the ratios of the “forward”
and “backward” charging rates, equation 7. These rates de-
pend on the grain composition (silicate or carbonaceous),
grain size, and the environment. In this work we investigate
the charge distribution for a range of grains sizes: 3.5 A˚,
5 A˚, 10 A˚, 50 A˚, 100 A˚, 500 A˚ and 1000 A˚. These sizes are
within the sizes encountered in the sizes distribution of dust
grains in the ISM (Weingartner & Draine 2001a). However,
instead of showing f (Z) for each grain size at each figure, we
present the results and subsequent analysis for a small (5 A˚),
intermediate (100 A˚), and large (1000 A˚) grain population.
Nonetheless, at the end of section 4, we provide the pa-
rameters of the parametric equations for reconstructing the
charge distribution of all the grain sizes and compositions
analyzed, and show the distribution of charge centroids and
widths for all sizes in appendices F, and G.
Figure 3 shows the equilibrium charge distribu-
tion of the small, intermediate, and large, carbonaceous
(dashed red) and silicate (black) grains in three different
environments: WNM (300 K≤T<104 K), cold neutral
medium (CNM, T<300 K), and cold molecular medium
(CMM, T≤30 K, with an additional restriction on the H2
fraction xH2 > 0.5). In each panel, the charge centroid,
〈Z〉 = ∑ Z f (Z), and the width, σ2Z = ∑ f (Z)(Z − 〈Z〉)2, of
each of the distributions is included. In the CMM (top row)
we see that: (left) small carbonaceous and silicate grains
tend to have mostly neutral charge with narrow widths;
(middle) intermediate size grains display some positive
charges with a centroid around 〈Z〉 ≈ 0 − 1 and a width
of order unity; (right) large grains are mostly positively
charged, 〈Z〉 ≈ 3 − 5, with wider distributions, σZ ≈ 2 − 3.
As discussed by Ivlev et al. (2015), CR induced molecular
MNRAS 000, 1–?? (2018)
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Figure 2. Mass weighted 2D-probability density function (PDF) of the (left) temperature, (middle) visual extinction and (right) revised
electron number density as a function of the total gas number density in the “CF-R8” colliding flow simulation by J18 at t = 18 Myr. The
PDF is normalized to the total mass in a box with dimensions 32 pc3 centered around the collision interface at x = 0. Three black plus
signs show the location of the WNM, CNM and CMM conditions where the charge distribution is calculated in Figure 3. The revised
electron number density includes the updated ionization fraction calculated in a post-processing step, the original electron density from
the simulation is shown in figure D1 in the appendix D.
hydrogen excitation and UV emission is the main charging
mechanism within dense molecular clouds, resulting in the
predominantly positive charge observed in intermediate
and large dust grains. In the CNM (middle row), small
grains remain mostly neutral, while intermediate and
large grains have predominantly positive charges and wide
distributions. In the WNM (bottom row), small silicate
grains tend to be neutral, while carbonaceous grains tend
to have positive charges of order unity; intermediate and
large grains are always positively charged and have wide
charge distributions. Carbonaceous grains are always more
positively charged than silicate grains and have wider
charge distributions. This is because carbonaceous grain
are ionized more easily due to their lower work function,
resulting in higher photoelectric charging rates.
Figure 3 gives us an idea of the behavior of the charge
distribution as a function of grain size, composition, and en-
vironment. However, in order to understand the transition of
the charge distribution between environments, we perform
our calculations for a population of dust grains across the
ISM conditions captured by the colliding flow simulation by
J18 (see Figure 2). The snapshot that we use in our calcula-
tion has a total of ≈ 9.7 × 106 cells, and calculating the full
charge distribution in each and every single cell is too com-
putationally expensive. So instead, we stochastically sample
1% of the cells in the simulation and use them to obtain
an estimate of the behavior of the charge distribution. How-
ever, even calculating 1% of the cells in the simulation is too
computationally expensive for the 500 A˚ and 1000 A˚ grains,
such that we reduce even further the number of stochasti-
cally sampled cells to 0.1% of the total number of cells in
the simulation (∼ 104 cells). For a completeness analysis on
how accurate our results are with respect to the percentage
of cells sampled, see appendix E.
For the remainder of this paper we refer to the dis-
tribution of charge centroids, 〈Z〉 = ∑ Z f (Z), and charge
widths, σ2Z =
∑
f (Z)(Z − 〈Z〉)2, as shown in the top right
corner of each panel in Figure 3, instead of discussing
the full probability distribution function of charge. This
simplification assumes that the full charge distribution
may be recovered by assuming a Gaussian distribution
with mean and standard deviation equal to the charge
centroid and charge width. This simplification is not always
valid, especially for the small grains, and for grains in
the cold molecular phase. Dust grains have discrete and
sometimes skewed charge distributions, that may not always
be accurately described by a Gaussian distribution. For
example, the skewness of the charge distribution in the
CMM is mostly due to dust charging being dominated by
CR-induced processes. Collisional cross sections with other
dust grains and ions depend on the charge state of the
grain, and a skewed charge distribution would influence
grain growth and depletion rates. However, in this work
we are interested in understanding the global behaviour
of the charge distribution of dust grains in the ISM, for
which approximating the charge distribution with a normal
distribution is a valid approximation.
Figure 4 shows the centroid and width of the distri-
bution for a small, intermediate, and large silicate grain
as a function of various ISM parameters. For grains of all
sizes, the charge centroid calculated is predominantly posi-
tive, although there are some cases towards high densities,
n > 50 cm−3, where small and intermediate grains tend
towards negative charge. For the three sizes displayed in
Figure 4, the centroid and width have a similar behavior
with respect to the local ambient properties, but span dif-
ferent ranges. The distribution of centroids and widths are
inversely proportional to the density of the environment and
the electron density, and proportional to the temperature
and strength of the radiation field. This behavior is to be
MNRAS 000, 1–?? (2018)
Dust charge in the ISM. 7
5 Å 100 Å 1000 Å
Warm
Neutral
Medium
(WNM)
Cold
Neutral
Medium
(CNM)
Cold
Molecular
Medium
(CMM)
1 0 1 2 3 4
Z
0.0
0.2
0.4
0.6
0.8
f(z
)
Z = 0.82
Z = 0.73
Z = 0.38
Z = 0.51
1 0 1 2 3 4
0.0
0.2
0.4
0.6
0.8
f(z
)
Z = 0.05
Z = 0.43
Z = 0.03
Z = 0.26
1 0 1 2 3 4
0.0
0.2
0.4
0.6
0.8
f(z
)
Z = 0.13
Z = 0.40
Z = 0.15
Z = 0.39
10 20 30 40 50
Z
Z = 33.97
Z = 3.08
fz×5
Z = 18.59
Z = 2.31
fz×5
0 10 20 30 40
Z = 7.25
Z = 2.70
fz×5
Z = 5.05
Z = 2.08
fz×5
2 0 2 4 6 8
Z = 1.30
Z = 1.25
Z = 0.78
Z = 0.99
150 200 250 300
Z
Z = 255.65
Z = 9.87
fz×5
Z = 139.58
Z = 6.92
fz×5
20 40 60 80
Z = 43.89
Z = 6.67
fz×5
Z = 42.46
Z = 5.50
fz×5
5 0 5 10 15 20
Z = 4.46
Z = 2.30
Z = 2.96
Z = 1.90
Figure 3. Charge distribution of 5 A˚, 100 A˚ and 0.1 µm size, carbonaceous (dashed red) and silicate (solid black) grains, in warm
neutral medium, cold neutral medium and cold molecular medium conditions. Each panel includes the charge centroid, 〈Z 〉, and the
charge width, σZ , of the distributions. The local environment parameters for the calculations are: WNM: nH = 0.9 cm−3, T = 7000 K,
χe = 0.012, Gtot = 1.52, xH2 = 4.6× 10−5; CNM: nH = 36 cm−3, T = 70 K, χe = 1.8× 10−4, Gtot = 0.60, xH2 = 0.15; CMM: nH = 3× 104 cm−3,
T = 14.4 K, χe = 9.0 × 10−8, Gtot = 7.9 × 10−4, xH2 = 0.99. Where Gtot = Geff + GCR is given in units of Habing field, χe = ne/nH is the
ionization fraction, and xH2 = nH2/nH is the molecular hydrogen fraction relative to total hydrogen atoms.
expected given that as one moves towards higher densities,
the ambient temperature decreases and the extinction in-
creases, reducing the photoelectric charging rate.
The more positively charged grains with wider distribu-
tions are found in the WNM, where the photoelectric charg-
ing rate is strong, but in these regions electron densities and
ambient temperatures are high resulting in efficient nega-
tive charging as well. The competition between positively
and negatively charging the grain results in wide charge dis-
tributions, although the photoelectric charging process gen-
erally dominates resulting in overall positive charges. The
least charged grains with narrow widths are found within
dense clouds, where even the CR-induced radiative charg-
ing is low. These are the regions where some grains may
attain negative charge where collisional charging with elec-
trons dominates.
Of particular interest is the distribution of charge cen-
troids of the small grains, where at densities of nH ≈ 50 cm−3,
the distribution becomes negative, reaching a minimum at a
density of nH ≈ 1000 cm−3, where it starts moving towards
charge neutrality again. This transition occurs once the
ISRF is slightly attenuated and there is not yet a strong CR-
induced UV field, collisional charging dominates. However,
at higher densities radiative charging by the CR-induced UV
field balances with the collisional charging by electrons, de-
creasing the magnitude of the charge centroid. It is also im-
portant to point out that charge is a discrete quantity. Thus
having a centroid of 0.2 or −0.2, and a width of σZ ≈ 0.3,
means that the charge distribution is peaked at 〈Z〉 = 0 and
only has small wings towards positive and negative charges.
The distribution of charge centroids and widths of the
intermediate and large grains have almost the exact same
shape. However, they differ in the range of the charge cen-
troid and width, as 100 A˚ grains have a maximum charge
centroid of 〈Z〉 ≈ 20, whereas 1000 A˚ grains have a maxi-
mum charge centroid of 〈Z〉 ≈ 180. Similarly for the widths,
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100 A˚ grains have a maximum width of σZ ≈ 2.2, whereas
1000 A˚ have maximum widths of σZ ≈ 7.
The distribution of charge centroids and widths for the
carbonaceous grains are very similar in shape to the distri-
butions for silicate grains. Figures for the centroid and width
distribution for carbonaceous grains are shown in appendix
G.
3.2 Charge equilibrium assumption
The calculations of the charge distribution performed here
correspond to the equilibrium charge distribution. We now
investigate the validity of this assumption for the results pre-
sented in this paper, by comparing the charging timescale
of our dust population, equation 14, to the simulation
timestep, set by the Courant-Friedrichs-Lewy (CFL) con-
dition (Courant et al. 1928).
Figure 5 shows the ratio of the local charging timescale,
τfZ , and the CFL timescale, tCFL, for silicate grains of vari-
ous sizes. Given that tCFL is the same for the different grain
sizes and composition, variations in the relative timescales
are solely due to variations in the charging timescale of the
grains. It is observed that the charging timescale decreases
with increasing grain size due to the increased width of the
charge distribution. From Figure 5, it is clear that the charg-
ing timescales are significantly smaller than the timescale
restricted by the CFL condition in the simulation, confirm-
ing that the assumption of charge equilibrium is valid in our
calculations. The smallest grains, both carbonaceous and sil-
icate, are the ones that have the longest charging timescales,
with a median of 0.5 yr. However, this charging timescale is
still 4 × 104 times smaller than the timestep in the simula-
tion with a resolution of ∆x = 0.032 pc. Given that tCFL de-
pends on the resolution of the simulation and the turbulent
velocity field, going to higher resolutions or environments
with faster turbulent velocities, e.g. shocks, would decrease
this timescale up to a point where the charge equilibrium
assumption is no longer valid. If the properties of the simu-
lation were fixed, such that the timestep decreased linearly
with the resolution only, at a resolution of ∆x ∼ 1 AU, 5%
of the 3.5 A˚ grains would have a charging timescale approx-
imately equal to the simulation timestep. At this point, one
could argue that it would be necessary to follow the non-
equilibrium evolution of the charge, at least for the very
small grains, in order to accurately estimate the charge state
of all dust grains in the simulation.
4 DISCUSSION
Knowing the complete charge distribution function of dust
grains is important as it influences the photoelectric heating
efficiency, the collisional cross sections, the depletion rates
of ions and the dynamical evolution of dust grains. However,
calculating it live within a simulation is almost impossible
given that this computation is very expensive.
We simplify the description of the charge distribution
by assuming it to be well represented by a Gaussian dis-
tribution, which is fully described by two parameters: the
charge centroid 〈Z〉, and the width of the distribution, σZ .
WD01 suggest that the electrostatic potential, U = Ze/a, of
a dust grain can be approximated via a charging parameter.
We now investigate how accurately the charging parameter
approximates the charge centroid for a range of grain sizes
and ISM ambient conditions, and then suggest new paramet-
ric equations for the charge centroid and width that can be
used to recover the charge distribution of dust grains across
the ISM.
4.1 Ambient conditions and the charging
parameter
Given that electrons are less massive than ions, they would
collide more often with dust grains, dominating the colli-
sional charging of the grain, which is proportional to ne/
√
T .
Photoelectric charging of dust grains is proportional to the
intensity of the local radiation field, Gtot. Therefore, the av-
erage electrostatic potential of a grain should behave propor-
tional to the relative intensity of electron collisional charging
and photoelectric charging, given by:
UWD01 ∝ (1 + Z−1/2)−1g(U, a)〈Qabs〉
Gtot
√
T
ne
, (16)
where g(U, a), is described as a decreasing function of U,
associated with the yield Y , introducing a dependence on
the size. In their discussion, WD01 note that this relation
applies only when Gtot/ne is large. However, as it can be
observed in Figure 6, we are exploring environments with
very low values of Gtot/ne, where equation 16 should not
hold. Additionally, we are including CR-induced charging
processes in this work, which dominate the charging of dust
grains at low values of the charging parameter.
Figure 6 shows the centroid of the charge distribution
as a function of the WD01 charging parameter. As a
reference, Figure 6 also shows the centroid as a linear
function of the charging parameter (cyan line), scaled to
the maximum value of 〈Z〉 for each grain. It seems that this
combination of parameters results in a tight distribution
of the charge centroid with little scatter. However, the
distribution of charge centroids does not vary linearly with
the charging parameter. We now derive a new functional
functional form of the charging parameter that will enable
us to recover the value of the charge centroid as a function
of the local properties of the ISM.
We perform a non-linear least squares weighted poly-
nomial regression of the charge centroid distribution as a
function of the electron density, temperature and radiation
field intensity. The new combination of parameters describ-
ing the behavior of the charge centroid as a function of ISM
ambient conditions is
〈Z〉 = k
[
1 − exp
(
−GtotT 0.5n−1ehZ
)] (
GtotT
0.5
ne
)α
+ b, (17)
where k, b, α and hZ are the fitting parameters of the regres-
sion, and Gtot = G0+GCR is the total radiation field intensity
given by a combination of the intensity of the interstellar ra-
diation field and the cosmic ray induced FUV field, eq. 4, in
units of the Habing field.
Additionally, we perform a non-linear least squares re-
gression of the charge distribution width as a function of the
charge centroids. We divide the polynomial fit in two parts
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Figure 4. Distribution of charge centroids, 〈Z 〉 (upper rows), and widths, σZ (lower rows), as a function of total number density,
temperature, local strength of the radiation field, Gtot, and electron number density (from left to right), for the stochastically sampled
cells within the colliding flow simulation, for silicate grains of of sizes 5 A˚ (top), 100 A˚ (middle), and 1000 A˚ (bottom). At the right hand
side of the charge centroid distribution rows, the average electrostatic potential, 〈U 〉(V), is also shown.
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Figure 5. Ratio of charging timescale and local CFL timescale at
each point where the dust charge distribution was evaluated for
silicate grains with sizes between 3.5 A˚ and 1000 A˚. The shape of
each object in the violin plot represents the density distribution
of relative timescales. The central white point corresponds to the
median, the thick black line to the inter-quantile range and the
thin black line to the 95% confidence interval.
depending on the sign of the charge centroid:
σ+Z = c
+
(
1 − e
−〈Z〉
η+
)
+ d, 〈Z〉 > 0 (18)
σ−Z = c−
(
1 − e
−|〈Z〉|
η−
)
+ d, 〈Z〉 < 0 (19)
where c+,−, d and η+,− are the fitting parameters. The only
constraint to the positive and negative fits of the charge
width is that they meet at σ+(〈Z〉 = 0) = σ−(〈Z〉 = 0). Tables
1 and 2 give the best fit parameters to the charge centroid
and charge width distributions for silicate and carbonaceous
grains, respectively.
Figure 7 shows the distribution of charge centroids and
widths for three different sizes of silicate grains, including
the new parametric equations for the charge centroid, eq.
17, and the parametric equations for the width, eqs. 18 and
19. Figures of the centroid distribution and width distribu-
tion including the fitted parameters for all the silicates and
carbonaceous grains analyzed are shown in appendices F and
G.
In order to test the reliability of the parametric calcu-
lation of the charge centroid, we compare the relative error
between the centroid recovered using equation 17 and charge
centroids calculated from the full calculation of f (Z). Tables
3 and 4, show the 25, 50 and 75 percentile of the error dis-
tribution for silicate and carbonaceous grains for a range of
sizes. The errors are small, with a median error around 3%–
6% for both grain compositions and most of the grain sizes.
Only for the 3.5 A˚ silicate grains, and the 50 A˚ silicate and
carbonaceous grains, the median error goes up to 14%.
4.1.1 Testing interpolation of the parametric equations
We have provided a parametric equation to instantaneously
calculate the charge centroid and width for selected grain
sizes, which can be used to instantaneously recover the
charge distribution function of those grains. However, what
happens if we need the distribution function of a grain with
a size not present in our tables?
In this case we perform a linear interpolation or extrap-
olation of the parameters, and use them to calculate the
centroid and width of the distribution. We present a com-
parison of the charge centroid for 6 different sizes (7.5 A˚,
25 A˚, 75 A˚, 250 A˚, 750 A˚ and 2500 A˚) of silicate grains, in
three different ISM environments, WNM, CNM and CMM.
Figure 8 shows the charge centroid computed using the
full calculation of the charge distribution, 〈Z〉full, versus the
centroid calculated using the parametric equation, eq. 17,
〈Z〉par. The parameters for the grains between 3.5 A˚ and
1000 A˚ are calculated using linear interpolation of the values
in table 1, and the parameters for the grain with size 2500 A˚
extrapolates these parameters.
We find good agreement of the charge centroids between
the full calculation of the charge distribution and the para-
metric equation. The centroids in the cold and warm neutral
medium recover the expected charge centroids almost per-
fectly for all sizes. Only some deviations between the full
calculation and the parametric equation values of the cen-
troid are observed in the cold molecular medium, where the
is the larger scatter of the distribution of centroids as a func-
tion of the charging parameter. We observe that for grains
above 250 A˚, the parametric equation systematically under-
estimates the charge centroid. We also note that, besides the
underestimation of the centroid in the CMM, the extrapola-
tion of parameters for the 2500 A˚ silicate grain does a good
job recovering the charge centroid, suggesting that this pro-
cedure could be implemented up to these grain size when
necessary.
4.2 Parametric equations applied to PDR
conditions.
The parametric equations provided here have been opti-
mized for recovering the charge distribution of dust grains
in solar neighborhood ISM conditions. However, how do this
parametric equations behave if we apply them in an envi-
ronment outside the parameter space used to calibrate our
models? Will the model predict reasonable charge distribu-
tions, or will it predict dust charges far outside from what
is expected from the equilibrium charge distribution?
We now test the behavior of the parametric equation
in photon dominated regions (PDRs), where the radiation
field is about three orders of magnitude stronger than the
one used to calibrate our models.
Figure 9 shows the comparison between the full calcula-
tion of the charge distribution using DustCharge, and the
reconstructed distribution using the parametric equation,
of small, intermediate and large silicate and carbonaceous
grains in PDR conditions. The reconstructed charge distri-
butions for all grain sizes and compositions in the figure were
built using the centroid and width from the parametric equa-
tions assuming Gaussian distributions. If the centroid would
be an integer value, then the distribution would be perfectly
symmetric. However, since the charge centroid, which is the
peak of the distribution, is a real number and the distri-
bution is sampled only in discrete bins of unit charge, the
distribution might appear non-symmetric. Tables 5 and 6
MNRAS 000, 1–?? (2018)
Dust charge in the ISM. 11
100 102 104
GT1/2 ne 1 [K1/2 cm3]
0.4
0.2
0.0
0.2
0.4
Z
1.0
0.5
0.0
0.5
1.0
1.5
U
(V
)
5 Å
100 102 104
GT1/2 ne 1 [K1/2 cm3]
0
5
10
15
20
Z
0.0
0.5
1.0
1.5
2.0
2.5
3.0
U
(V
)
100 Å
100 102 104
GT1/2 ne 1 [K1/2 cm3]
0
25
50
75
100
125
150
175
Z
0.0
0.5
1.0
1.5
2.0
2.5
U
(V
)
1000 Å
Figure 6. Distribution of charge centroids, and average electrostatic potential, as a function of the charging parameter suggested by
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Silicate Grains
〈Z 〉 σ+z σ−z
grain size (A˚) α k b hZ c
+ η+ d c− η−
3.5 0.3263 0.0149 -0.1212 57 0.4123 0.2513 0.1891 0.4845 0.3532
5 0.3141 0.0372 -0.3043 86 0.2734 0.2925 0.3233 0.3615 0.6532
10 0.3535 0.0494 -0.4865 73 0.4353 0.7459 0.4451 0.1053 0.5803
50 0.5115 0.0717 -0.4106 107 1.0758 1.7832 0.5860 -1.0379e3 7.7069e3
100 0.3525 0.6591 -0.1649 384 1.6245 2.8390 0.6346 -4.2075e2 1.9840e3
500 0.3643 2.6283 0.5217 345 4.0732 11.0200 0.6797 -0.2418 0.5910
1000 0.3927 3.6493 0.8389 372 5.9813 20.6410 0.6961 -0.1885 0.4237
Table 1. Fitted parameters of the centroid and width of the distribution for silicate grains, with sizes between 3.5 A˚ to 1000 A˚, for
equations 17, 18 and 19.
Carbonaceous Grains
〈Z 〉 σ+z σ−z
grain size (A˚) α k b hZ c
+ η+ d c− η−
3.5 0.4699 0.0085 -0.1162 48 0.3103 0.2744 0.2551 0.3766 0.5241
5 0.4386 0.0195 -0.3084 95 0.3699 0.5654 0.4158 0.2890 1.6241
10 0.4994 0.0199 -0.4959 78 0.6511 0.9839 0.5275 -0.0213 0.0977
50 0.6009 0.0523 -0.4092 218 1.6536 2.6688 0.6671 -9.5138 35.3519
100 0.2900 2.2310 -0.2061 1063 2.5445 4.3352 0.7010 -2.5341e3 8.1962e3
500 0.3400 5.8944 0.1727 1034 5.9455 18.3186 0.8377 -2.4189e3 4.9424e3
1000 0.3500 9.6536 0.4183 1273 8.7003 36.1014 0.9094 -2.6009e3 4.7029e3
Table 2. Fitted parameters of the centroid and width of the distribution for carbonaceous grains for equations 17, 18 and 19.
show the comparison of the charge centroid and width be-
tween the full calculation of the charge distribution using
DustCharge and the predicted values using the parametric
equation. It is remarkable how well the parametric equation
predicts the charge distributions, with only small deviations
of the order of 6–10% in the charge centroid, but slightly
larger errors in the calculation of the width of the distribu-
tion, with errors of the order of 10–20%.
4.3 Implications
In addition to an accurate estimate of the charge centroid as
a function of the local ambient parameters (radiation field
intensity, temperature and electron density), knowing the
width of the charge distribution as a function of charge cen-
troid allows us to reconstruct the full charge distribution of
any dust grain instantaneously without having to calculate
it on the fly.
The dust charge determines the coupling strength of
grains with the interstellar magnetic field (Lazarian &
Yan 2001; Yan et al. 2004), where an overly simplified
calculation of the dust charge, as in Lee et al. (2016),
may lead to an overestimation of the coupling efficiency
of dust and gas, and thus to overestimation of dust–gas
segregation. Equations 17, 18 and 19, together with tables
1 and 2, can be easily implemented in 3D MHD codes, to
accurately estimate Coulomb and Lorentz forces on dust
grains. We provide Python, C and Fortran functions of
MNRAS 000, 1–?? (2018)
12 J. C. Iba´n˜ez-Mej´ıa
100 101 102 103 104
GT1/2 ne 1 [K1/2 cm3]
0.4
0.2
0.0
0.2
0.4
Z
5 Å
1.0
0.5
0.0
0.5
1.0
1.5
U
(V
)
100 101 102 103 104
GT1/2 ne 1 [K1/2 cm3]
0
5
10
15
20
Z
100 Å
0.0
0.5
1.0
1.5
2.0
2.5
3.0
U
(V
)
100 101 102 103 104
GT1/2 ne 1 [K1/2 cm3]
0
50
100
150
Z
1000 Å
0.0
0.5
1.0
1.5
2.0
2.5
U
(V
)
0.25 0.00 0.25 0.50
Z
0.30
0.35
0.40
0.45
0.50
0.55
0.60
Z
0 5 10 15 20
Z
0.5
1.0
1.5
2.0
Z
0 50 100 150
Z
1
2
3
4
5
6
7
Z
Figure 7. (Top row) Distribution of charge centroids, and average electrostatic potential, as a function of the charging parameter, and
(bottom row) distribution of widths as a function of the centroid, for silicate dust grains with sizes 5 A˚, 100 A˚ and 1000 A˚. Top panels
include the polynomial fit to the centroid following equation 17, while the bottom panels include the polynomial fit to the width following
equations 18 and 19.
Silicate Grains
percentile
grain size (A˚) 25 50 75
3.5 5.4% 13.1% 20.1%
5 2.4% 4.4% 9.1%
10 1.3% 3.8% 7.7%
50 7.8% 14.6% 21.6%
100 2.6% 7.5% 32.8%
500 1.5% 3.6% 9.4%
1000 1.5% 4.0% 9.7%
Table 3. The 25, 50, and 75 percentiles of the error comparing
the distribution of charge centroids from the full calculation of
the charge distribution, with the charge centroid calculated using
the parametric equation, eq 17, for silicate grains.
the charge distribution parametric calculation ready to be
implemented in numerical simulations and chemical models.
Knowledge of the charge distribution of dust grains not
only influences the evolution of dust grains themselves, but
also impacts the thermal, chemical, dynamical, and spectro-
scopical properties of the ISM. For example: dust charges
modify the non-ideal magneto-hydrodynamic resistivities of
the plasma (Elmegreen & G. 1979; Marchand et al. 2016).
Variations in the non-ideal magneto-hydrodynamics resis-
Carbonaceous Grains
percentile
grain size (A˚) 25 50 75
3.5 2.0% 5.1% 9.8%
5 2.1% 5.3% 9.4%
10 1.6% 3.9% 8.0%
50 5.9% 14.8% 30.0%
100 1.2% 3.7% 13.7%
500 1.0% 2.4% 6.6%
1000 2.7% 4.9% 12.8%
Table 4. Error distribution for the calculations of the charge
centroids for carbonaceous grains.
Silicate Grains
full calculation parametric eq. error
grain size (A˚) 〈Z 〉 σZ 〈Z 〉 σZ 〈Z 〉 σZ
5 0.7 0.5 0.7 0.6 7% 12%
100 23.0 2.0 25.3 2.2 6% 24%
1000 195.7 6.5 214.3 6.7 13% 10%
Table 5. Error distribution for the calculations of the charge
centroids for carbonaceous grains in PDR conditions.
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sizes in three different environments. Grain sizes are differentiated
by markers, and ISM ambient parameters by colors. WNM, CNM,
and CMM, conditions used for the calculation are the same as the
ones used in figure 3.
Carbonaceous Grains
full calculation parametric eq. error
grain size (A˚) 〈Z 〉 σZ 〈Z 〉 σZ 〈Z 〉 σZ
5 1.4 0.7 1.5 0.8 9% 12%
100 42.3 2.6 44.8 3.2 6% 24%
1000 348.9 8.7 384.1 9.6 10% 10%
Table 6. Error distribution for the calculations of the charge
centroids for carbonaceous grains in PDR conditions.
tivities modify the coupling between the neutral gas and
the interstellar magnetic field, which eventually influences
the dynamics of gravitational collapse of molecular clouds
and the formation of stars and planets (Nakano et al. 2002;
Dominik et al. 2006; Shu et al. 2006; Wurster et al. 2017,
2018). The charge of a dust grain modifies the cross sec-
tions of the ion accretion on dust, this critically influences
the surface chemistry, which in turn influences the formation
and growth of grain mantles (Ferrara et al. 2016; Hensley &
Draine 2016; Zhukovska et al. 2018). Grain charge influences
the scattering of light on the grain surface, affecting the ex-
tinction efficiency and frequency of extinction features in the
infrared (Heinisch et al. 2012, 2013).
5 SUMMARY AND CONCLUSIONS
We present a new parametric expression for the charge dis-
tribution of silicate and carbonaceous dust grains to be im-
plemented in numerical simulations and chemical models7.
We calculate the equilibrium charge distribution of dust
grains using the master charging equation accounting for
7 we provide Python, C++ and Fortran functions of the charge
distribution parametric calculation ready to be implemented in
numerical simulations and chemical models, and can be down-
loaded from https://github.com/jcibanezm/DustCharge
collisional charging by electrons and ions, and photoelec-
tric charging from an incident radiation field and cosmic ray
charging processes. The ambient conditions, e.g. tempera-
ture, density, ionization fraction, molecular hydrogen col-
umn density, dust column density, and local visual extinc-
tion, were taken from a 3D HD simulation of molecular cloud
formation in a colliding flow, including gas self-gravity, non-
equilibrium chemical evolution of the gas, and shielding of
the ISRF by gas and dust. The simulations capture a space
of parameters of temperature T ≈ 6 K – 104 K, number den-
sity nH ≈ 0.1 cm−3 – 5 × 104 cm−3, radiation field intensity
G ≈ 10−4 – 1.7, and a visual extinction of Av ≈ 10−2 mag –
10 mag.
We find that the charge distribution of dust grains
strongly depends on the grain composition and size, and
some ISM ambient parameters, such as temperature, elec-
tron density, and local strength of the radiation field. From
each of the calculated charge distributions, we extract the
charge centroid and width, assuming the distribution is well
represented by a Gaussian. We parameterize the distribution
of charge centroids as a non-linear function of the “charg-
ing parameter”, Gtot
√
Tn−1e , where Gtot accounts for the at-
tenuated ISRF and the CR-induced H2 fluorescence within
molecular clouds, motivated by the dominant mechanisms
involved in “forward” and “backward” charging processes.
We find that the shape of the charge centroid distribution
is well represented by an exponential growth at low values
of the charging parameter, followed by a polynomial growth,
〈Z〉 = k[1−exp(GtotT0.5n−1e h−1Z )](GtotT0.5n−1e )α+b, where k, b,
α, and hZ are the fitting parameters determining the scale
factor of the exponential growth, exponent of the power law
growth, and minimum charge centroid. The best fit values to
the charge centroid parameterized expression for various sil-
icate and carbonaceous grains with sizes ranging from 3.5 A˚
to 0.1 µm, are given in tables 1 and 2. We find that interpo-
lating the parameters in the tables to calculate the centroid
for grains with sizes not included in our analysis yields re-
sults consistent to the charge centroids obtained from the full
calculation of the charge distribution. We find that the dis-
tribution of charge widths is tightly correlated to the charge
centroid with a plateau at high charges, following an expo-
nential growth, σZ = c[1− exp(−〈Z〉η−1)]+ d, where c, η, and
d are the fitting parameters describing the scale factor of
the exponential growth and minimum width of the charge
distribution. We divide the parametrized width distribution
in two, depending on the sign of the charge centroid, eq. 18
for positive and eq. 19 for negative charge centroids. We also
test the parametric equation in PDR conditions, which lie
outside the parameter space used to calibrate our models,
and obtain charge distribution functions consistent to the
full calculation of the charge distribution.
Finally we test the validity of the assumption of the
charge equilibrium used to calculate the distribution func-
tion by comparing the charging timescale of dust grains with
the hydrodynamical timescale constrained by the simulation
timestep. We find that the equilibrium charge distribution
assumption is valid for ISM simulations with sub-parsec res-
olution, and would remain valid for simulations with AU
scale resolution.
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Figure 9. Charge distribution of dust grains for the (Top) full calculation using DustCharge and (Bottom) reconstructed distribution
using the parametric equation. Distributions for a 5 A˚, 100 A˚ and 0.1 µm size, carbonaceous (dashed red) and silicate (solid black) grains,
in PDR conditions. The local environment parameters for the calculations are: n = 104 cm−3, T = 103 K, χe = 10−4, and Gtot = 103. Each
panel includes the centroid, 〈Z 〉, and width, σZ , of the distributions.
ACKNOWLEDGEMENTS
We thank Laurent Verstraete and Bruce Draine, for their
useful comments on the charge distribution calculation and
benchmarking the code. We also thank Bo Zhao, Franta Din-
bier, Seyit Hocuk, Daniel Seifried and Eric Pellegrini for
useful discussions and comments on the manuscript. JCIM,
SW, and PJ acknowledge funding by the supported by the
Deutsche Forschungsgemeinschaft (DFG) via the Priority
Program 1573 “The physics of the interstellar medium” and
the DFG Collaborative Research Center SFB 956 “Con-
ditions and Impact of Star Formation” (subproject C5).
SW and SC acknowledges support via the ERC starting
grant No. 679852 “RADFEEDBACK”. AVI acknowledges
support by the Russian Science Foundation (project 18-12-
00351). The authors acknowledge the Leibniz Rechenzen-
trum Garching, as well as the Gauss Center for Supercom-
puting e.V. (www.gauss-centre.eu) for providing comput-
ing time on SuperMUC via the project “pr62su”. The soft-
ware used in this work was developed in part by the DOE
NNSA ASC- and DOE Office of Science ASCR-supported
Flash Center for Computational Science at the University
of Chicago. Parts of the analysis are carried out using the
YT analysis package (Turk et al. 2010, yt-project.org).
REFERENCES
Bakes E. L. O., Tielens A. G. G. M., 1994, The Astrophysical
Journal, 427, 822
Banerjee R., Va´zquez-Semadeni E., Hennebelle P., Klessen R. S.,
2009, Monthly Notices of the Royal Astronomical Society,
398, 1082
Barlow M. J., J. M., 1978, Monthly Notices of the Royal Astro-
nomical Society, 183, 367
Caselli P., Hartquist T. W., Havnes O., 1997, Astronomy and
Astrophysics, v.322, p.296-301, 322, 296
Caselli P., Walmsley C. M., Zucconi A., Tafalla M., Dore L., Myers
P. C., 2002, The Astrophysical Journal, 565, 344
Cecchi-Pestellini C., Aiello S., 1992, Monthly Notices of the Royal
Astronomical Society, 258, 125
Chapman J. F., Wardle M., 2005, Monthly Notices of the Royal
Astronomical Society, Volume 371, Issue 2, pp. 513-529., 371,
513
Ciolek G. E., et al., 2002, The Astrophysical Journal, 567, 947
Ciolek G. E., Roberge W. G., Mouschovias T. C., 2004, The As-
trophysical Journal, Volume 610, Issue 2, pp. 781-800., 610,
781
Clark P. C., Glover S. C. O., Klessen R. S., 2011, Monthly Notices
of the Royal Astronomical Society, Volume 420, Issue 1, pp.
745-756., 420, 745
Courant R., Lewy H., Friedrichs K., 1928, Mathematische An-
nalen, 100, 32
MNRAS 000, 1–?? (2018)
Dust charge in the ISM. 15
Dominik C., Blum J., Cuzzi J., Wurm G., 2006, Protostars and
Planets V, B. Reipurth, D. Jewitt, and K. Keil (eds.), Uni-
versity of Arizona Press, Tucson, 951 pp., 2007., p.783-800,
pp 783–800
Draine Aˆ., 2011, Physics of the Interstellar and Intergalactic
Medium by Bruce T. Draine. Princeton University Press
Draine B., Lazarian A., 1998, The Astrophysical Journal, 508,
157
Draine B. T., Lee H. M., 1984, The Astrophysical Journal, 285,
89
Draine B. T., Salpeter E. E., 1979a, The Astrophysical Journal,
231, 77
Draine B. T., Salpeter E. E., 1979b, The Astrophysical Journal,
231, 438
Draine B. T., Sutin B., 1987, The Astrophysical Journal, 320, 803
Elmegreen B. G., G. B., 1979, The Astrophysical Journal, 232,
729
Ferrara A., Viti S., Ceccarelli C., 2016, Monthly Notices of the
Royal Astronomical Society: Letters, Volume 463, Issue 1,
p.L112-L116, 463, L112
Flower D. R., Pineau des Forets G., 2003, Monthly Notices of the
Royal Astronomical Society, 343, 390
Fryxell B., et al., 2000, The Astrophysical Journal Supplement
Series, 131, 273
Girichidis P., et al., 2016, The Astrophysical Journal, 816, L19
Glover S. C. O., Clark P. C., 2011, Monthly Notices of the Royal
Astronomical Society, Volume 421, Issue 1, pp. 116-131., 421,
116
Glover S. C. O., Federrath C., Mac Low M. M., Klessen R. S.,
2009, Monthly Notices of the Royal Astronomical Society, Vol-
ume 404, Issue 1, pp. 2-29., 404, 2
Guillet V., Pineau des Foreˆts G., Jones A. P., 2007, Astronomy
and Astrophysics, 476, 263
Guillet V., Jones A. P., Pineau des Foreˆts G., 2009, Astronomy
and Astrophysics, 497, 145
Guillet V., Pineau des Foreˆts G., Jones A. P., 2011, Astronomy
& Astrophysics, 527, A123
Habing H. J., 1968, Bulletin of the Astronomical Institutes of the
Netherlands, 19
Heinisch R. L., Bronold F. X., Fehske H., 2012, Physical Review
Letters, 109, 243903
Heinisch R. L., Bronold F. X., Fehske H., 2013, Physical Review
E, 88, 023109
Heitsch F., Hartmann L., 2008, The Astrophysical Journal, 689,
290
Heitsch F., Slyz A. D., Devriendt J. E. G., Hartmann L. W.,
Burkert A., 2006, The Astrophysical Journal, 648, 1052
Heitsch F., Naab T., Walch S., 2011, Monthly Notices of the Royal
Astronomical Society, 415, 271
Hensley B. S., Draine B. T., 2016, The Astrophysical Journal,
Volume 834, Issue 2, article id. 134, 11 pp. (2017)., 834
Ivlev A., Padovani M., Galli D., Caselli P., 2015, The Astrophysi-
cal Journal, Volume 812, Issue 2, article id. 135, 10 pp. (2015).,
812
Joshi P. R., Walch S., Seifried D., O Glover S. C., Clarke S. D.,
Weis M., 2018, Manuscript submitted for publication
Laor A., Draine B. T., 1993, The Astrophysical Journal, 402, 441
Lazarian A., Yan H., 2001, The Astrophysical Journal, Volume
566, Issue 2, pp. L105-L108., 566, L105
Lee H., Hopkins P. F., Squire J., 2016, Monthly Notices of the
Royal Astronomical Society, Volume 469, Issue 3, p.3532-3540,
469, 3532
Marchand P., Masson J., Chabrier G., Hennebelle P., Commerc¸on
B., Vaytet N., 2016, Astronomy & Astrophysics, Volume 592,
id.A18, 14 pp., 592
Mathis J. S., Mezger P. G., Panagia N., 1983, Astronomy and
Astrophysics (ISSN 0004-6361), vol. 128, no. 1, Nov. 1983, p.
212-229., 128, 212
Mezger P. G., Mathis J. S., Panagia N., 1982, Astronomy and
Astrophysics, vol. 105, no. 2, Jan. 1982, p. 372-388., 105, 372
Micic M., Glover S. C. O., Banerjee R., Klessen R. S., 2013,
Monthly Notices of the Royal Astronomical Society, 432, 626
Nakano T., Nishi R., Umebayashi T., 2002, The Astrophysical
Journal, Volume 573, Issue 1, pp. 199-214., 573, 199
Padovani M., Ivlev A. V., Galli D., Caselli P., 2018, eprint
arXiv:1803.09348
Pilipp W., Hartquist T. W., 1994, Monthly Notices of the Royal
Astronomical Society, 267, 801
Prasad S. S., Tarafdar S. P., 1983, The Astrophysical Journal,
267, 603
Seifried D., Walch S., Reissl S., Iba´n˜ez-Mej´ıa J. C., 2018, eprint
arXiv:1804.10157
Shu F. H., Galli D., Lizano S., Cai M., 2006, The Astrophysical
Journal, Volume 647, Issue 1, pp. 382-389., 647, 382
Smith F. T., 1961, The Journal of Chemical Physics, 34, 793
Tielens A. G. G. M., McKee C. F., Seab C. G., Hollenbach D. J.,
1994, The Astrophysical Journal, 431, 321
Truelove J., Klein R., McKee C., Holliman II J., Howell L., Gree-
nough J., Woods D., 1998, The Astrophysical Journal, 495,
821
Turk M. J., Smith B. D., Oishi J. S., Skory S., Skillman S. W.,
Abel T., Norman M. L., 2010, The Astrophysical Journal Sup-
plement, Volume 192, Issue 1, article id. 9, 16 pp. (2011)., 192
Vasyunin A. I., Caselli P., Dulieu F., Jime´nez-Serra I., 2017, The
Astrophysical Journal, 842, 33
Va´zquez-Semadeni E., Ryu D., Passot T., Gonzalez R. F., Gazol
A., 2006, The Astrophysical Journal, 643, 245
Va´zquez-Semadeni E., Gomez G. C., Jappsen A. K., Ballesteros-
Paredes J., Gonzalez R. F., Klessen R. S., 2007, The Astro-
physical Journal, 657, 870
Walch S., et al., 2015, Monthly Notices of the Royal Astronomical
Society, 454, 246
Weingartner J. C., Draine B. T., 2000, The Astrophysical Journal,
Volume 553, Issue 2, pp. 581-594., 553, 581
Weingartner J., Draine B., 2001a, The Astrophysical Journal, 548,
296
Weingartner J. C., Draine B. T., 2001b, The Astrophysical Jour-
nal, 563, 842
Weingartner J. C., et al., 1999, The Astrophysical Journal, 517,
292
Weingartner J. C., et al., 2001, The Astrophysical Journal Sup-
plement Series, 134, 263
Weingartner J. C., Draine B. T., Barr D. K., 2006, The Astro-
physical Journal, Volume 645, Issue 2, pp. 1188-1197., 645,
1188
Wolfire M. G., Hollenbach D., McKee C. F., Tielens A. G. G. M.,
Bakes E. L. O., 1995, The Astrophysical Journal, 443, 152
Wu¨nsch R., Walch S., Dinnbier F., Whitworth A., 2018, Monthly
Notices of the Royal Astronomical Society, 475, 3393
Wurster J., Price D. J., Bate M. R., 2017, Monthly Notices of the
Royal Astronomical Society, 466, 1788
Wurster J., Bate M. R., Price D. J., 2018, Monthly Notices of the
Royal Astronomical Society, 475, 1859
Yan H., Lazarian A., Draine B. T., 2004, The Astrophysical Jour-
nal, Volume 616, Issue 2, pp. 895-911., 616, 895
Zhukovska S., Henning T., Dobbs C., 2018, The Astrophysical
Journal, Volume 857, Issue 2, article id. 94, 12 pp. (2018).,
857
MNRAS 000, 1–?? (2018)
16 J. C. Iba´n˜ez-Mej´ıa
APPENDIX A: COLLISIONAL CHARGING
RATES
We adopt the collisional charging rates by Draine & Sutin
(1987), accounting for collisions with ions and electrons.
These revisited charging rates account for the effects due to
the electrostatic polarization of the grain by the Coulomb
field of the approaching charged particle. and energy-
dependent capture cross sections.
In their work, Draine & Sutin (1987) reduced the com-
plexity of the problem to two dimensionless parameters: the
”reduced temperature”, τ = akT/q, and the “effective atomic
weight” of the colliding ions, µ = (ne/nI)2(me/mp), where a is
the grain size, k is Boltzmann constant, T is the temperature
of the plasma, and q is the charge of the collisional partner,
ne is the volume density of electrons, se their sticking coeffi-
cient, nI is the ion volume density, mI the average ion mass
and mp is the proton mass. With these definition, µ not only
accounts for the relative mass between electrons and ions,
but also for variations in the composition of the plasma.
Given that electrons have much lower masses compared
to any colliding ion, collisional charging will ultimately result
in grains with negative charges. For low values of the reduced
temperature τ < 0.2, grains will be in a dominant charge
state of Z = −1, while in the limit of τ → ∞ grains tend to
large negative charges.
Figure A1 show the charge distribution functions
calculated with DustCharge and results by Draine &
Sutin (1987). It is evident that both distributions are very
similar, confirming that our calculations are performing as
expected with respect to the collisional charging of dust
grains.
APPENDIX B: PHOTOELECTRIC CHARGING
BY THE INTERSTELLAR RADIATION FIELD
In this appendix we discuss the details about some of the
components in the calculation of the photoelectric charging
as presented in equation 2.
For the diffuse interstellar radiation field we adopt
the one estimated by Mezger et al. (1982) and Mathis
et al. (1983) in the Solar neighborhood, also shown in
equation 31 and table 1 in Weingartner et al. (2001):
νuISRFν =

0, hν > 13.6 eV
3.328 × 10−9 ergs cm−3
(
hν
eV
)−4.4172
, 11.2 eV < hν < 13.6eV
8.463 × 10−13 ergs cm−3
(
hν
eV
)−1
, 9.26eV < hν < 11.2 eV
2.055 × 10−14 ergs cm−3
(
hν
ev
)0.6678
, 5.04 eV < hν < 9.26eV
4piν
c
3∑
i=1
wiBν(Ti), hν < 5.04eV
(B1)
where blackbody temperatures, Bν(Ti), and dilution factors
wi are given in table B1.
In this work, we characterize the radiation field in units
of the Habing field, G = uUVrad /uUVHab, where uUVrad is the energy
density of the radiation field integrated between 6 and 13.6
eV, and uUVHab = 5.33×10−14 ergs cm−3. The integrated energy
density of the radiation field by Mezger et al. (1982) and
Mathis et al. (1983) is equal to G = 1.13, where the intensity
of the radiation field used in the simulations by J18 is equal
to G0 = 1.7. For this reason we scale the radiation field by a
factor of 1.5 to match that of the simulations.
Another important term in equation 2 is the photoelec-
tric yield, given by,
Y (hν, Z, a) = y2(hν, Z, a)min[y0(θ)y1(a, hν), 1]. (B2)
This form of the photoelectric yield depends on three pa-
rameters: y0, y1 and y2, given by equations 16, 13 and 11
respectively, in Weingartner et al. (2001). Here, y0 corre-
sponds to the yield of electrons that have enough energy to
attempt to escape the grain, y1 is responsible for the geo-
metrical enhancement of the yield, and y2 is the fraction of
attempting electrons capable of escaping the grain to infin-
ity.
Components of the ISRF.
i wi Ti [K]
1 1.00 × 10−14 7500
2 1.65 × 10−13 4000
3 4.00 × 10−13 3000
Table B1. Blackbody components for the ISRF in equation B1
from Mathis et al. (1983).
The calculations of y0 and y2 are the same as the ones
in Weingartner et al. (2001); however, for the calculations
of y1 we use a fixed value for the electron escape length,
le = 10 A˚, and photon attenuation length, la = 100 A˚, for
both silicate and carbonaceous grains. This is equivalent to
the calculation by Bakes & Tielens (1994), but differs from
the calculations by Weingartner et al. (2001), where the au-
thors include a variable photon attenuation length, equation
(14) in Weingartner et al. (2001), depending on the energy
of the incident photon and the complex refractive index,
Im(m), of the grain composition8. However, for the photon
8 Dielectric functions for astronomical silicate,
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Figure A1. Charge distribution function for a dust grain accounting only for collisional charging for (red) calculations using DustCharge
and calculation by (black) Draine & Sutin (1987). Results are shown for an “effective atomic weight” µ = 1, for three different values
of the “reduced temperature” τ = akT/q2 of (left) τ = 0.1, (middle) τ = 1.0, and (right) τ = 10., where a is the grain radius, T the
temperature of the plasma, and q the charge of the colliding partner.
energies studied in this work, the full calculation of the pho-
ton attenuation length is of the order of 100 A˚.
Figure B1 shows the influence of a variable photon at-
tenuation length for a small, intermediate and large, silicate
and carbonaceous grain in WNM conditions. The attenu-
ation length clearly modifies the photoelectric yield, thus
influencing the photoelectric charging of grains. Larger pho-
ton attenuation lengths produce higher photoelectric charg-
ing rates, which in turn results in higher positive charges.
This effect is clearly observed in the charge distribution of
large grains, where the charge centroid for silicates (carbona-
ceous) grains is 〈Z〉 ≈ 135 (〈Z〉 ≈ 241) for la = 10 A˚, and
increases to 〈Z〉 ≈ 195 (〈Z〉 ≈ 354) for la = 1000 A˚. For
small grains, the photon attenuation length also influences
the charge distribution, where the shape of the distribution
function changes for the different values of la, and the values
of the charge centroid vary from 〈Z〉 ≈ 0.0 (〈Z〉 ≈ 0.18) for
la = 10 A˚, to 〈Z〉 ≈ 0.46 (〈Z〉 ≈ 0.93) for la = 1000 A˚.
Figure B2 shows a comparison of the charge distribu-
tion functions calculated with DustCharge and Draine
(2011). It is observed that both distributions are very sim-
ilar, with only minor variations in the charge centroid for
grains between 3.5 A˚ and 0.1 µm. Above 0.1 µm, the charge
distributions calculated using DustCharge result in more
positively charged grains than those by Weingartner et al.
(2001), with increasing difference with increasing size. This
can be attributed to the varying photon attenuation length
previously discussed, where our fixed value of la = 100 A˚,
may result in larger photoelectric yields compared to the
calculations by Weingartner et al. (2001).
APPENDIX C: EFFECTS OF CR-INDUCED
CHARGE
Ivlev et al. (2015) discussed how CRs influence the charge
distribution of dust grains within dense cold regions. In this
appendix, we show how including the effects of CR-induced
charging influences the charge distribution of dust grains for
different sizes within a dense molecular region.
In order to compute the CR-induced H2 fluorescence
graphite, and silicon carbide can be found at
https://www.astro.princeton.edu/ draine/dust/dust.diel.html
model
k L H
0 -3.331056497233 × 106 1.001098610761 × 107
1 1.207744586503 × 106 -4.231294690194 × 106
2 -1.913914106234 × 105 7.921914432011 × 105
3 1.731822350618 × 104 -8.623677095423 × 104
4 -9.790557206178 × 102 6.015889127529 × 103
5 3.543830893824 × 101 -2.789238383353 × 102
6 -8.034869454520 × 10−1 8.595814402406 × 100
7 1.048808593086 × 10−2 -1.698029737474 × 10−1
8 -6.188760100997 × 10−5 1.951179287567 × 10−3
9 3.122820990797 × 10−8 -9.937499546711 × 10−6
Table C1. Coefficients ck , for the polynomial equation C1 for
two models of the CR proton spectrum: a “low” L and “high” H
spectrum.
within molecular clouds, equation 4, we need to know the
local CR ionization rate. In this work, we implement the
parameterised formula by Padovani et al. (2018), which re-
turns the total CR ionization rate as a function of the H2
column density, and is given by:
log10
ζ
s−1
=
∑
k≥0
ck logk10
NH2
cm−2
(C1)
valid for column densities between 1019 cm−2 ≤ NH2 ≤
1027 cm−2. Table C1 gives the coefficients, ck , for two CR-
ionization rate models, “high”H and “low” L.
Figure C1, shows the charge distribution of a small, in-
termediate and large, carbonaceous and silicate dust grain
within a cold molecular region, with and without CR-
induced charging effects. As discussed by Ivlev et al. (2015),
the local radiation field generated by H2 fluorescence is
the dominant charging mechanism, positively charging dust
grains within cold-dense regions, thus significantly influenc-
ing the charge distribution of dust grains in these environ-
ments. Although this might be only a minor effect for small
dust grains, it has a strong influence on larger dust grains,
where grain charges would be close to zero if CR-charging
processes were not taken into account.
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Figure B1. Charge distribution of 5 A˚, 100 A˚ and 0.1 µm size, carbonaceous (dashed red) and silicate (solid black) grains, varying the
attenuation length: (top) la = 10 A˚, (middle) la = 100 A˚, (bottom) la = 1000 A˚. The local environment parameters for the calculations
correspond to the WNM in Figure 3: nH = 0.9 cm−3, T = 7000 K, χe = 0.01, G = 1.61, xH2 = 4.6 × 10−5. Each panel includes the centroid,
〈Z 〉, and width, σZ , of the distributions.
APPENDIX D: IONIZATION FRACTION
As discussed in section 2.6, the chemical network used in
the simulations by J18 produce very low ionization frac-
tions within dense molecular regions. This is because in
the network, the electron recombination rate is set propor-
tional to G
√
T/ne, as suggested by Weingartner & Draine
(2001b). This assumes that the main recombination channel
is a grain-assisted ion recombination. However, as discussed
by Ivlev et al. (2015), the ionization equilibrium in dense
molecular regions is determined by the balance between CR
ionization and various recombination processes.
In this work we use equation 15 to calculate the ion-
ization rate within dense regions in a postprocessing step,
where we request that for regions with nH ≥ 1000 cm−3, the
new ionization fraction is the maximum between the one
given by J18, or the one given by equation 15.
Figure D1 shows a comparison between the ionization
fraction and electron density in the simulations by J18 (left
column), and the new ionization fraction and electron den-
sity after postprocess. It is evident that the ionization frac-
tion in the simulations by J18 quickly drops at densities
above nH > 1.0 × 103 cm−3, due to the fast recombination
rates used in the network. However, after the postprocess,
the ionization fraction drops proportional to n−0.56H , such
that the electron density increases towards dense regions,
instead of decreasing.
APPENDIX E: COMPLETENESS TEST
In this work we stochastically sample 1% of the total num-
ber of cells in the simulation to compute the charge distribu-
tion for silicate and carbonaceous grains between 3.5 A˚ and
100 A˚, and 0.1% of the cells for 500 A˚ and 0.1 µm grains.
In this appendix we discuss the influence of these stochastic
sampling and its influence on the calibration of the para-
metric equations.
We perform stochastic sampling of cells because of the
extreme computational expense that is required to compute
charge distributions. The computation of f (Z) requires to
successively calculate and balance the charging rates be-
tween the minimum and maximum possible charges for a
given dust grain. While small grains allow only a narrow
range of charges, e.g. 5 A˚ silicate grain has Zmin = −1 and
Zmax = 2, large grains allow a very wide range of charges,
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Figure B2. charge distribution function f (Z) for carbonaceous grains of various sizes, between 3.5 A˚ and 0.5 µm, with ambient conditions
nH = 30 cm−3, χe = 10−3, T = 100 K and G = 1.13. Red lines correspond to the calculations performed in this work, and (black lines)
correspond to the calculations by (Draine 2011). Within each panel we include the size of the grain, and the centroid, 〈Z 〉 of the
distributions, with the subscript D03 for the calculations by (Draine 2011).
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Figure C1. Charge distribution of 5 A˚, 100 A˚ and 0.1 µm size, carbonaceous (dashed red) and silicate (solid black) grains, with (top
row) and without (bottom row) the effects of CR-induced charge rates. The local environment parameters for the calculations correspond
to the CMM in Figure 3: nH = 9 × 104 cm−3, T = 10 K, χe = 3.68 × 10−8, G = 1.1 × 10−4, xH2 = 0.99. Each panel includes the centroid, 〈Z 〉,
and width, σZ , of the distributions.
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Figure D1. Probability distribution of the (top row) ionization fraction as a function of total gas number density, and (bottom row) elec-
tron density as a function of total gas number density, from the simulations by (left column) J18 and (right column) after postprocessing
using equation 15.
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e.g. 0.1 µm silicate grain has Zmin ≈ −5000 and Zmax ≈ 400.
For this reason, the computation of the charge distribution
becomes more and more expensive with increasing grain size.
Figure E1 shows the number density, temperature, local
radiation field strength and electron number density distri-
bution of all the cells, 50% and 1% stochastically sampled
cells within a 32 pc3 box centered in the plane of collision,
see Figure 1. It is clear that, although there are significant
differences in the coverage of these three cases, the 1% sam-
pled cells still recover the general trend of the fully sampled
case. However, in order to quantify the influence of the low
coverage of the 1% stochastically sampled cells in the fit-
ted parameters in tables 1, and 2, we compute the charge
distribution of 50% of the cells in the simulation for a 5 A˚ sil-
icate grain, and compare them to the predicted values using
equation 17 and the parameters in table 1.
Figure E2 shows the distribution of errors between the
predicted value of the charge centroid and the full calcu-
lation of the charge centroid, where the 25th, 50th and 75th
percentile of the distribution correspond to an error of 1.3%,
4.2% and 10.3%. These result shows that, although we use
only 1% of the cells to calibrate the parameters, our para-
metric equations perform a good job at recovering the charge
centroid of dust grains with only small errors in the calcu-
lation.
APPENDIX F: CENTROID AND WIDTH
DISTRIBUTIONS FOR SILICATE GRAINS
In this appendix, we show the distribution of charge cen-
troids and widths for silicate grains with sizes 3.5, 5, 10, 50,
100, and 500 A˚. Figure F1 shows these distributions includ-
ing the parametric equation for the centroid and width, 17,
18 and 19 respectively, with the best fit parameters shown
in Table 1.
APPENDIX G: CHARGE DISTRIBUTION FOR
CARBONACEOUS GRAINS
In this appendix, we show the figures of the distribution of
charge centroids and widths, charging timescales and fits to
the charge distributions for carbonaceous grains.
Figure G1 shows the distribution of charge centroids
and widths for a small, intermediate and large carbonaceous
grains. Similar to the discussion in figure 4, the shape of
the distributions is similar for the different sizes, however
the range of the minimum and maximum charge centroids
and widths is very different for the different grain sizes.
Compared to the silicate grains, carbonaceous grains reach
higher positive charges because they have a lower work func-
tion, such that the photoelectric charging is more effective
at stripping electrons from the grain.
Figures G2 and G3 show the distribution of charge cen-
troids and widths for all the carbonaceous grains analyzed
here, including the new parametric equations for the charge
centroid, eq. 17, and the parametric equations for the width,
eqs. 18 and 19.
Figure G4 shows the charge centroid computed using
the full calculation of the charge distribution, 〈Z〉full, versus
the centroid calculated using the parametric equation, eq.
17, 〈Z〉par. The parameters for the grains between 3.5 A˚ and
1000 A˚ are calculated using linear interpolation of the val-
ues in table 2, and the parameters for the grain with size
2500 A˚ extrapolates these parameters. We find good agree-
ment between the calculations of the centroids in the cold
and warm neutral medium. Some deviations between the
full calculation and the parametric equation values of the
centroid are observed in the cold molecular medium, where
the is the larger scatter of the distribution of centroids as a
function of the charging parameter. In particular for grains
larger than 250 A˚, it appears that the parametric calculation
systematically underestimates the centroid of the distribu-
tion.
Figure G5 shows the charging timescale relative to the
CFL timescale in the simulations for carbonaceous grains
with different sizes. Similar to the case for silicate grains,
the timescales necessary for the charge distribution to be in
equilibrium is several orders of magnitude smaller than the
CFL timescale in our simulations, suggesting that this is a
valid approximation in our model.
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Figure E1. Mass weighted 2D PDF of the (left) total gas number density vs temperature, (middle) total gas number density vs visual
extinction and (right) total gas number density vs electron number density in the colliding flow simulation by J18. The columns present
various percentages of stochastically sampled cells corresponding to top 100%, middle 50% and bottom 1%. The pdf is normalized to the
total mass in the 32 pc3 box.
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Figure E2. Distribution of errors between the predicted value
of the charge centroid, using equation 17 and the parameters in
table 1, and the expected value of the charge centroid, for the
50% stochastically sampled cells.
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Figure F1. Distribution of charge centroids, 〈Z 〉, and average electrostatic potential, 〈U 〉(V) upper rows, and widths, σZ , lower rows,
as a function of the charging parameter for silicate grains with sizes 3.5 A˚, 5 A˚, 10 A˚,50 A˚, 100 A˚, 500 A˚.
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Figure G1. Distribution of charge centroids, 〈Z 〉, and average electrostatic potential, upper rows, and widths, σZ , lower rows, as a
function of total gas number density, temperature, strength of the interstellar radiation field, in units of Habing field G, and electron
number density, from left to right, for the stochastically sampled cells within the MHD simulation, for carbonaceous grains of of sizes
5 A˚ (top), 100 A˚ (middle), and 1000 A˚ (bottom).
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Figure G2. Distribution of charge centroids, 〈Z 〉, and average electrostatic potential, upper rows, and widths, σZ , lower rows, as a
function of the charging parameter including the new polynomial fit, equations 17, 18 and 19, for carbonaceous grains with sizes 3.5 A˚,
5 A˚, 10 A˚,50 A˚, 100 A˚, 500 A˚.
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Figure G3. Distribution of charge centroid, 〈Z 〉, and average
electrostatic potential, upper row , and width, σZ , lower row, as
a function of the charging parameter for 1000 A˚ carbonaceous
grain.
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Figure G4. Charge centroid calculated using the full calculation
of the charge distribution, 〈Z 〉full, versus the one calculated using
the parametric equation, eq. 17, for carbonaceous grains of five
different sizes in three different environments. Grain sizes are dif-
ferentiated by markers, and ISM ambient parameters by colors.
WNM, CNM, and CMM, conditions used for the calculation are
the same as the ones used in figure 3.
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Figure G5. Ratio of charging timescale and local CFL timescale
at each point where the dust charge distribution was evaluated
for carbonaceous grains with sizes between 3.5 A˚ and 1000 A˚. The
shape of each object in the violin plot represents the distribution
of relative timescales. The central white point corresponds to the
median, the thick black line to the inter-quantile range and the
thin black line to the 95% confidence interval.
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